The hydrogenation effect on the Er luminescence at 1.54 m in an Er-doped amorphous Si quantum dot film was investigated. After hydrogenation, the luminescent properties were different between large-dot ͑2.5 nm͒ and small-dot ͑1.4 nm͒ samples. In particular, the number of optically active Er ions was increased in a large-dot sample, but decreased in a small-dot sample. We propose that the hydrogenation causes the Er migration toward an Si dot, and the luminescent property depending on the dot size is originated from the number of Er ions near an Si dot before hydrogenation. © 2005 The Electrochemical Society. ͓DOI: 10.1149/1.1850399͔ All rights reserved. Er-doped silicon has attracted a great deal of interest because of its potential in the development of light-emitting diodes and lasers operating at a wavelength of 1.54 m, which coincides with the absorption minimum for optical fibers.
Er-doped silicon has attracted a great deal of interest because of its potential in the development of light-emitting diodes and lasers operating at a wavelength of 1.54 m, which coincides with the absorption minimum for optical fibers. 1, 2 However, the intensity of the photoluminescence ͑PL͒ of Er in this matrix is very weak at room temperature. Attention is currently focused on Er-doped Si nanocrystals in SiO x . The doping of Si nanocrystals with Er holds some promise for the efficient generation of light emission, as it has been demonstrated that Si nanocrystals in presence of Er are efficient sensitizers of Er ions. [3] [4] [5] [6] We previously observed the effect of the size of amorphous Si quantum dots (a-Si QDs͒ with a mean diameter smaller than 2.5 nm on Er luminescence, which is critical for enhancing PL efficiency. 7 The effect of dot size on an Er PL is associated with an increase in the Er-Er interactions and, as a result, a sample containing large a-Si QDs showed a weak Er PL despite the fact that more Er ions could be excited by a large-dot than a small-dot.
In this paper, we show that hydrogenation affects Er luminescence in these samples and is also related to the dot size. KocherOberlehner et al. 8 reported that hydrogenation caused the diffusion of Er towards the film surface, and Shin et al. 9 also reported on an increase in Er excitation efficiency due to defect passivation after hydrogenation, but the hydrogenation effect on Er PL properties depending on the Si dot size was not clearly discussed. The findings in this study propose that Er diffuses near the dot in a very small scale as a result of hydrogenation and the optical properties show different behaviors depending on the dot size.
Silicon nitride films ͑50 nm thick͒ containing a-Si QDs were grown on Si substrates by plasma-enhanced chemical vapor deposition ͑PECVD͒ with various dot sizes. Er ions were then implanted with an ion dose of 1 ϫ 10 21 /cm 3 into the films and the implantation energy was in the range of 60-130 keV. The same profiles of Er ϩ ions were obtained for all samples, which was confirmed by secondary ion mass spectrometry. All samples were first annealed at a temperature of 900°C for 0.5 h to reduce the residual defects left by the implantation process ͑A1͒. A second annealing was then carried out at 650°C for 1 h in a forming gas atmosphere of 5% H 2 in N 2 for hydrogenation ͑HA͒ and in a nitrogen atmosphere ͑A2͒ to confirm the effect of hydrogenation. PL for the Er ions was measured by means of an Ar laser. The samples were classified into two groups, referred to as large-dot and small-dot samples in accordance with dot sizes of 2.5 and 1.4 nm, respectively. Figure 1 shows the relative Er PL spectra after the annealing. The Er PL intensity is largely increased in the large-dot sample after hydrogenation ͑HA͒, but little changed in the small-dot sample. The samples annealed in a nitrogen atmosphere ͑A2͒ also show little variation in PL intensity for all samples. Therefore, the critical parameter in enhancing Er PL intensity is not the annealing temperature but the hydrogen atmosphere. This effect is dominant in a largedot sample. To examine this reason, the excitation pump power dependent Er PL intensity was investigated. In Fig. 2 , a large-dot sample showed a more efficient luminescence after hydrogenation ͑HA͒ than that before hydrogenation ͑A1͒, but a small-dot sample did little change with laser power. In the steady state, the Er luminescence intensity can be described as
where I PL is the PL intensity, N Er the total number of optically active Er ions, E the Er excitation efficiency, P the excitation power, r decay the total decay rate, and r rad the radiative decay rate, taken to be intrinsic to the given material. 9 Information on the hydrogenation effect on E and N Er was obtained by fitting this equation to the excitation power dependent PL. The fitted values are listed in Table  I . The excitation efficiency, E, increased after hydrogenation in all samples, most likely due to defect passivation by hydrogen. However, the density of optically active Er ions, N Er is increased in the large-dot sample and decreased in the small-dot sample. These results indicate that the hydrogen effect depends on the dot size.
Another hydrogenation effect is the variation of the excitation cross section of Er ions as shown in Table I . The excitation of Er ions can indeed be described by means of a phenomenological parameter, the excitation cross section of Er ions, which is given by
where is the excitation cross section, ␣ the absorption coefficient, C L the Er excitation coefficient with Er luminescence, and C mp that for a multiple phonon nonradiative process. In the small-dot sample, N Er was decreased after hydrogenation, but remained relatively unchanged as shown in Table I . Therefore, C mp should be increased in the small-dot sample. In the large-dot sample, N Er increased two z E-mail: nmpark@etri.re.kr times and decreased by less than one-third. Considering the upper equation, this is reasonable because is inversely proportional to N Er . However, the decrease in value in the large-dot sample is more understandable by additionally considering the increase in C mp . Therefore, we can see that hydrogenation causes an increase in the multiple phonon nonradiative process (C mp ) in all samples.
In our previous work, 7 it was shown that much more Er ions were located near a large dot than a small dot despite the fact that the Er doping concentration was the same and, as a result, Er-Er interactions occurred in a large-dot sample. After hydrogenation, the Er configuration near the Si dot would be altered. KocherOberlehner et al. 8 reported on the Er diffusion after hydrogenation, which was largely observed at 900°C. In this work, the hydrogenation temperature was too low to permit a large-scale diffusion of Er, but would be sufficient for Er ions to migrate towards the dot surface on a small scale to reach the local energy minimum, which is thermodynamically stable. Therefore, more Er ions could have been located near a dot by hydrogenation, which would have the same effect on all samples regardless of the dot size. In this case, more Er-Er interactions would occur because the distance between Er ions near a Si dot could become shorter. As a result, N Er would be decreased and the multiple phonon nonradiative process increased due to the increase in Er-Er interactions, which is observed in the smalldot sample. Er-Er interactions are also observed in the case of increasing the Er doping concentration, where is increased due to the interaction of close Er pairs. 10 Therefore, hydrogenation is considered to increase the Er content near a Si dot and, as a result, cause the Er-Er interaction. Meanwhile, in a large-dot sample, N Er was increased after hydrogenation, which is opposite the result from the increase in Er-Er interactions. However, if we should remind the fact that many Er ions are in close proximity to each other near a large dot even before hydrogenation, the increase in N Er in the large-dot sample is likely understood because Er migration can cause Er clusters during hydrogenation in the large-dot sample. After Er clusters are formed, the distance between active Er ions near a large dot becomes large. Therefore, N Er is increased by the formation of Er clusters in a large-dot sample. The hydrogenation effect on Er luminescence can be explained by the Er migration, and the number of Er ions near a Si dot is considered to cause the dot size-dependent Er luminescence. Further study in an atomic scale is under way for the detail information about the Er migration.
In conclusion, the hydrogenation effect on Er luminescence resulted in different PL properties, which was dependent on the number of Er ions near a Si dot before hydrogenation. In a small-dot sample, the Er PL intensity and the excitation cross-section were not changed, although the number of optically active Er ions was decreased. In a large-dot sample, the Er PL intensity and the number of optically active Er ions were increased, although the excitation cross section was decreased. This can be explained by Er migration, leading to increase Er-Er interactions in a small-dot sample and the formation of Er clusters in a large-dot sample. We consider that hydrogenation can be used in the position control of an element in an atomic scale. Figure 1 . Relative PL intensity after the first ͑A1͒ and the second annealing ͑A2 and HA͒ for large-and small-dot samples. HA means hydrogenation and A2 does the annealing in a nitrogen atmosphere. The excitation power is ϳ100 mW. The hydrogenation effect is larger in the large-dot sample than in the small-dot sample.
Figure 2.
Relative PL intensity as a function of excitation pump power for large-dot ͑square͒ and small-dot ͑circle͒ samples. Solid symbol denotes PL after hydrogenation ͑HA͒ and an open symbol dose PL after the first annealing ͑A1͒. PL intensity is increased even in a low excitation power in the large-dot sample.
